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SUMMARY
The effects of sequence of impregnation (Pd on cerium oxides -alumina and cerium
oxides on Pd-alumina) and calcination temperature (500 ℃ and 850 ℃) on the catalytic
oxidation of methane under lean conditions were investigated. The catalysts were prepared by a
combination of impregnation, slurry and vortexing methods. The catalysts had 4.7 wt.% Pd and
10.7 wt.% Ce based on inductively coupled plasma optical emission spectrometry (ICP-OES)
analysis. The catalysts were characterized by pulse chemisorption, temperature programmed
reduction (TPD), scanning transmission electron microscopy (STEM), and X-ray photoelectron
spectroscopy (XPS). The activity of the catalysts for methane combustion was measured in a
fixed-bed flow reactor by flowing a gas mix (0.98 vol % methane, 4.01 vol % and balance
nitrogen) through a catalytic bed. The temperature of the catalytic bed was controlled by a
temperature -controlled tube furnace. The % methane in the effluent gas mix was measured by a
gas chromatograph fitted with a flame ionization detector and a ‘Carbon Plot’ column. Palladium
was present as PdO and PdOx x>2+ and cerium as CeOx (+3 and +4 oxidation states) as per XPS
analysis. The activity of the Pd/cerium oxides-alumina500C catalyst was higher than the cerium
oxides/Pd-alumina500C catalyst at 250-500 ℃. Similar trends in the activity were seen for the

two catalysts calcined at 850 ℃. Higher dispersion and lower particle size, and the presence of
small Pd particles on alumina accounted for the higher catalytic activities of the Pd/cerium

oxides-alumina500C and 850C catalysts. The lower activities of cerium oxides/Pd-alumina500C
and 850C were primarily due to the embedment of Pd onto ceria due to strong PdO-CeOx
interactions. This research implies that the sequence of impregnation and calcination temperature
could alter catalytic properties and activity for methane combustion through PdO/PdOx -support
interactions.

INDEX WORDS: Impregnation sequence, catalyst preparation methods, methane combustion,
characterization, metal-support interactions
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I.

Introduction
A. Background information
Methane is one of the greenhouse gases that affects climate change and global warming.

Carbon dioxide, methane, nitrous oxide, fluorinated gases are greenhouse gases. These
greenhouse gases contribute to the depletion of the ozone layer above the earth. Even though
methane is the second worst greenhouse gas, in the near-term methane has over 80 times the
warming effect of carbon dioxide.1 Also, methane has a shorter lifetime in the atmosphere than
carbon dioxide, but methane traps the radiation more and has 25 times greater impact on climate
changes.2 Therefore, reduction of methane gas emissions is especially important. There are
various sources contributing to methane accumulation in the atmosphere. The data given in
Figure 1(Source: Environmental Protection Agency, EPA) shows that about 57 percent of total
methane emission comes from natural and petroleum and fermentation industries, and the rest
from other human activities. According to the EPA, the oil and gas industry emits eight million
metric tons of methane a year.3
Another major issue is the air pollution caused by emissions of methane gas from
transport vehicles using compressed natural gas (methane) and diesel fuels. Catalytic converter is
a device for vehicles to convert methane and other toxic gases (carbon monoxide, nitrogen
oxides) to less harmful gases like carbon dioxide. A catalytic converter has two types of catalysts
at work, a reduction catalyst, and an oxidation catalyst. Both types consist of a ceramic
honeycomb structure coated with metals (Platinum, rhodium, or palladium) and support
(aluminum oxide, cerium oxide) to convert methane, carbon monoxide, and nitrogen oxides to
carbon dioxide, water, and nitrogen. A detailed description of a catalytic converter is given in
Figure 2.
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A catalytic converter works very well at an elevated temperature of 800-900 ℃. The heat
produced in automobile engines is transferred to the catalytic converters to keep this temperature
range.

Figure 1. Greenhouse Gas emissions and Methane emission sources

Figure 2. Catalytic converters (Source: AA1Car.com)
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However, modern fuel-efficient automobile engines produce less heat for thermal
efficiency. This in turn, requires the catalytic converters to work at a lower temperature range of
400-500 ℃ or less. However, current catalytic converters do not work efficiently at lower
temperatures. This results in the emission of unconverted methane and other toxic gases from the
tail pipes particularly during wintry weather and ‘Cold Start’. The catalytic combustion of
methane has generated tremendous interest in developing environmental catalysts for pollution
control caused by automobiles and gas-powered energy generation systems. Additionally,
development of catalysts for low-temperature applications has been a challenging issue due to
the highly stable carbon-hydrogen bond in the nonpolar CH4 molecule.3
B. Review of Literature
A review of literature on catalytic oxidation methane is summarized below. Two recent
reviews4,5 summarized the recent advances made in the catalytic combustion of methane.
Methane combustion by palladium catalysts on different supports including alumina6–8, ceria9,10
and ceria-alumina have been reported11–15. However, this thesis is focused on palladium metal
impregnated on the dual support of cerium oxides (CeOx) and aluminum oxide (Al2O3) for the
catalytic combustion of methane under lean conditions (excess air). Hence, this literature survey
is primarily on platinum group transition metals on the dual support of CeOx/Al2O3.
Colussi et al16 studied the catalytic activity of Pd-based catalysts at elevated temperature
supported on rare earths oxides and reported that the Pd particles could reoxidize at higher
temperature in contact with CeO2 and improve the catalytic activity.
Cargnello et al11 synthesized Pd on CeO2/H-Al2O3 catalysts by supramolecular approach;
Pd as the core and ceria as the shell were preorganized and deposited into a modified
hydrophobic alumina. In this case, the Pd cores being isolated led to improved metal-support
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interactions and complete conversion of methane below 400 ℃ and with superior thermal
stability under specific condition.
Li et al12 prepared a moisture-treated Pd/CeO2/Al2O3 core-shell catalyst by mixing
desired amount of Al2O3 with the Pd/CeO2 suspension. The catalytic activity showed 90%
conversion of CO, hydrocarbons, and NO over the Pd/ CeO2-Al2O3 catalyst at 220 ℃, 230 ℃,
and 220 ℃, respectively. Transmission electron microscopy images showed that Pd/CeO2
nanoparticles had a large amount of PdO2 on the Pd and CeO2 interface. Fourier- transform
infrared spectra (FTIR) showed the presence of *OOH and *NO2 intermediate groups and these
contributed to higher catalytic activities.
Rodrigues et al13 developed Ni and Pd catalysts with Al2O3 and CeO2/Al2O3 by
impregnation method. The catalytic activity was evaluated using temperature-programmed
surface reaction (TPSR)tests over 24 h on stream. The catalysts were characterized by standard
characterization techniques. The results showed that the mechanism of partial oxidation of
methane was directly connected to the metals, and Pd/Al2O3, Pd/CeO2/Al2O3 catalysts had better
CH4 conversion. The catalysts were more resistant to deactivation on the dual support
CeO2/Al2O3. The higher oxygen exchange ability of CeO2 as a support makes the metal surface
free of carbon, which promotes better activity.
Ramirez et al14 synthesized Pd/CeO2-Al2O3 catalysts by sol-gel method with the dual
support impregnated onto a palladium nitrate solution in water. Ceria loadings (2, 5, 10,15, and
50 wt%) were used. The catalyst with a high ceria loading had a reduced surface area and lowest
ceria loading in the palladium catalyst gave complete oxidation of methane at 425 ℃.
Sun et al15 investigated the effect of loading sequence in Pd/Ce/Al catalysts on the
conversion of lower hydrocarbons. The two catalysts showed a significant difference in both
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dispersion and particle sizes. The lower dispersion in the PdO/CeO2/Al2O3 catalyst was due to
the PdO particles being fixed on the ceria support by strong Pd-O-Ce bonds.
Liu et al17 synthesized the PdO/CeO2-Al2O3 by impregnation of cerium nitrate
hexahydrate to γ-Al2O3 followed by addition of PdCl2 under an ultrasonic condition. H2temperature programmed reduction and O2- temperature programmed desorption was used for
characterizing the reaction properties on the catalyst surface. The catalyst PdO/CeO2-Al2O3 with
rapid activation showed higher activity of methane combustion due to uniformly distributed PdO
species on the support surface.
Yang et al18 developed a Pd-CeO2CASs/Al2O3 catalyst by a novel approach involving
synthesis of Pd-CeO2 colloidal assembled spheres in one-pot fashion. CeO2 nanocrystals
surrounded the Pd clusters and enhanced interface area of Pd/ceria. Pd-CeO2CASs/Al2O3 catalyst
showed better catalytic activity and stability than a Pd/CeO2 catalyst. The presence of Pd-O-Ce
and surface-active oxygen species could contribute toward catalytic activity.
Fertal et al.19 did a preliminary study on the effects of impregnation sequence on the
catalytic activities of Pd/ceria-alumina catalysts. The research group reported a better catalytic
activity for methane oxidation by the Pd/ceria-alumina catalyst compared to the ceria/Pd-alumina
catalyst. However, the study had limitations since the reactions were not conducted under the
steady state and the catalysts were not characterized completely.
The review of the research literature shows a lack of detailed investigation on the
catalytic oxidation of methane by Pd/ceria-alumina and ceria/Pd-alumina catalysts including the
effects of the sequence of impregnation, calcination temperature, and metal-support interactions.
C. Objectives of this study
The specific objectives of this research were to investigate:
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1. The effect of the sequence of impregnation of Pd and cerium oxides on Pd/cerium oxidesaluminum oxide catalysts on the catalytic oxidation of methane.
2. The correlation between activity, dispersion, and particle size of the catalysts.
3. The correlation between activity, active phases, and metal-support interactions.
II.

METHODS
A. Catalysts Synthesis
An inventory of the synthesized catalysts is given in Table 1.

Table 1. Catalyst nomenclature and inventory
Pd/cerium oxides-alumina500C: Pd/cerium oxides-alumina calcined at 500 ℃
Pd/cerium oxides-alumina850C: Pd/cerium oxides-alumina calcined at 850 ℃
Cerium oxides/Pd-alumina500C: Cerium oxides/Pd-alumina calcined at 500 ℃
Cerium oxides/Pd-alumina850C: Cerium oxides/Pd-alumina calcined at 850 ℃
Cerium oxides/alumina500C: Cerium oxides/ alumina calcined at 500 ℃
Cerium oxides/alumina850C: Cerium oxides/ alumina calcined at 850 ℃
The catalysts were synthesized using the apparatus shown in Figure 3. The apparatus
consists of a syringe pump and a vertexing unit. The syringe pump delivers the precursor
solution from the syringe to the vertexing unit. The catalysts were synthesized by a combination
of impregnation, slurry and vortexing methods.22
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Figure 3. Catalyst synthesis apparatus

i. Pd/Cerium oxide-alumina catalyst calcined at 500 ℃
An aqueous solution was made by dissolving 0.386 g palladium nitrate hydrate (Aldrich,
USA) in 1.5 mL of distilled water. The 3.00 g solid cerium oxide-alumina dual support calcined
at 500 ℃ into the vortex tube and adding 5.0 mL of distilled water to make slurry. An aqueous
solution of palladium nitrate hydrate was added in 20 microliter increments to the aqueous
solution of the dual support as it was being vortexed at speed 3 for 3 hrs. The slurry was dried in
an air oven at 110℃ for 12 hours, followed by calcination in a calcining furnace at 500℃ for 5
hours. The solid was powdered in a mortar and pestle and stored in a sealed tube.
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ii. Pd/Cerium oxide-alumina catalyst calcined at 850 ℃
An aqueous solution was made by dissolving 0.388 g of palladium nitrate hydrate
(Aldrich, USA) in 1.5 mL of distilled water in a 10 mL beaker. The 3.01 g solid cerium oxidealumina dual support was calcined at 850 ℃ and added into the vortex tube with5.0 mL of
distilled water to make slurry. An aqueous precursor solution of palladium nitrate hydrate was
added in 20 microliter increments to the aqueous solution of the dual support as it was being
vortexed at speed 3 for 3 hrs. The slurry was dried in an air oven at 110℃ for 12 hours, followed
by calcination in a calcining furnace at 850℃ for 5 hours. The solid was powdered in a mortar
and pestle and stored in a sealed tube.
iii. Cerium oxide/Pd-alumina catalyst calcined at 500℃
2.14 g of palladium-alumina calcined at 500 ℃ was placed into a vortex tube along with4
mL of distilled water and vertexed until a slurry formed. An aqueous solution was made by
dissolving 0.951 g cerium nitrate hexahydrate in 1 mL of distilled water in a 10 mL beaker. An
aqueous solution of cerium nitrate hexahydrate was added in 20 microliter increments to the
aqueous solution of the dual support as it was being vortexed at speed 3 for 3 hrs. The slurry was
dried in an air oven at 110℃ for 12 hours, followed by calcination in a calcining furnace at
500℃ for 5 hours. The solid was powdered in a mortar and pestle and stored in a sealed tube.
iv. Cerium oxide/Pd-alumina catalyst calcined at 850℃
2.13 g of palladium-alumina calcined at 850 ℃ was placed into vortex tube by adding 4
mL of distilled water and vertexing until a slurry formed. An aqueous solution was made by
dissolving 0.959 g cerium nitrate hexahydrate in 1 mL of distilled water in a 10 mL beaker. An
aqueous solution of cerium nitrate hexahydrate was added in 20 microliter increments to the
aqueous solution of the dual support as it was being vortexed at speed 3 for 3 hrs. The slurry was
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dried in an air oven at 110℃ for 12 hours, followed by calcination in a calcining furnace at
850 ℃ for 5 hours. The solid was powdered in a mortar and pestle and stored in a sealed tube.
v. Dual support of cerium oxide/alumina calcined at 500℃ and 850℃
3.034 g of cerium nitrate hexahydrate (Aldrich, USA) was dissolved in 2 mL of distilled
water and taken in the sterile syringe. A slurry of solid 6.406 g 𝛄𝛄-Al2O3 (Aldrich, USA) was

made with 20 mL of distilled water in the vortex tube. The cerium nitrate solution was added in
20 microliter increments to the vortex tube while being vortexed at speed 3 and the solution was
vortexed for 6 hours. The slurry was dried in an air oven at 110℃ for 12 hours. The solid was
powdered in a mortar and pestle and divided in half. Each half of the solids were calcined at
500℃ and 850℃, respectively. After the calcination, it was stored in a sealed tube.
B. Catalytic Activity
The catalytic bed and the reactor unit are shown in Figures 4 and 5.

Figure 4. Catalyst bed in reactor
A mass of 0.10 g of a catalyst was packed in the reactor tube using quartz wool to hold
the catalyst sample in place and quartz beads to allow the gas mixture to flow. Activity
measurements were conducted in a temperature-controlled horizontal tubular fixed-bed quartz
reactor (internal diameter 12mm) as shown in Figure 5. The catalyst bed was heated to a desired
temperature using a temperature-controlled furnace (Carbolite MTF1000, Verder Scientific,
Newtown, PA, USA). The reacting gas mixture consisted of 4% O2, 1% CH4 with the balance
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nitrogen (NexAir, Memphis, TN, USA). The catalyst bed was heated to the desired temperature
as nitrogen gas was being passed through the mass flow controller (Aalborg, Orangeburg, NY,
USA). Each run ran the gas mixture through the quartz flow reactor tube for a length of 30
minutes at a fixed temperature and a flow of 150 cc/min. The catalyst bed was heated to a
desired temperature as nitrogen gas was being passed using a temperature-controlled tube
furnace. The temperature ranged from 250℃ to 500℃.

Figure 5. Catalytic reactor unit
Between each activity run, pure nitrogen gas was sent through the reactor tube to clear
any leftover gas mixture. The reacted gas mixture was passed through a moisture trap to remove
any moisture that may have occurred from the reaction. A volume of 1.0 cc of the outlet gas
sample was collected in a gas tight syringe and injected to the column. The gas mixture was
analyzed in a gas chromatography (HP 6850 series GC System, hp Hewlett Packard, USA) fitted
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with a flame ionization detector, ‘Carbon Plot’ column, and ‘chemstation’ software. For all
activity experiments, a gas flow rate of 150 cc/min (calculated at 25℃ and 1 atm.), and a Gas
Hourly Space Velocity (GHSV) of 90000 cc.g.cat-1.h-1 were chosen. The inlet and outlet gas
feed composition were measured in volume % at 25℃ and 1 atm.
For the activity experiment at each temperature, at least two runs were conducted. If
the % conversions were within +- 4% deviations between two consecutive runs, then the average
of two runs at each temperature was used for the activity data. The conversion of methane (ʋ/ʋ%)
was calculated using the following equation:
Conversion (ʋ/ʋ%) =

[CH4]in−[CH4]out
[CH4]in

×100%

CH4 in = Volume% of methane at 1 atm. and 25 ◦C in the gas feed entering the reactor.
CH4 out = Volume% methane at 1 atm. and 25 ◦C in the gas mixture exiting the reactor.
C. Characterization
All characterizations except ICP-OES were conducted at the Georgia Institute of
Technology as a part of a research collaboration.
i. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
This analytical technique was used to determine the wt.% of Pd and Ce. The elemental
analysis was conducted by Galbraith Laboratories, Inc. using Perkin Elmer 5300V (Akron, OH,
USA). The sample was prepared by sodium peroxide fusion due to high % of Al2O3, followed by
dissolution in water and acidification.
ii. Pulse Chemisorption
Pulse chemisorption experiments were conducted with both fresh and spent (after
reaction with the methane gas mix) catalysts. Pd dispersion and metal particle size were
measured with pulse chemisorption using CO as the probe gas. Approximately 50 mg of each
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catalyst was heated in 20 mL/min of He (Airgas, PA, USA) at 200 ◦C for 2 hours to remove any
water or other absorbed species. After that, the catalyst was cooled to 50 ◦C and temperature
programmed reduction of the catalyst was performed using a flow of 10% H2/He (20 mL/min).
Temperature was increased to 450 ◦C at 5 ◦C/min and held for 1 hour. The sample was then
cooled to 40 ◦C for the pulse CO testing. 20 doses of 10% CO/He (Airgas, PA, USA) were
passed over the sample and adsorption peaks were analyzed using a thermal conductivity
detector (TCD). Next, 20 mL/min of He flowed over the sample for 60 minutes to remove
physiosorbed species. A second round of 10% CO/He pulses was conducted to see if further CO
could be adsorbed. Pulse CO chemisorption was performed in Micromeritics AutoChem II 2920
(Micromeritics Corporation, Norcross, GA, USA).20
iii. Temperature-Programmed Reduction (TPR)
Approximately 50 mg of each catalyst was heated in 20 mL/min of He (UHP, Airgas, PA,
USA) to 200 ◦C at 5 ◦C/min, held 2 hours, and then cooled to 50 ◦C in a 20 mL/min flow of 10%
H2/He. The catalyst was then reduced by increasing the temperature to 800 ◦C at a ramp rate of 5
◦C/min under a flow of 10% H2/He (20 mL/min). The effluent gas flow was fed through a cold
trap of liquid nitrogen and acetone and then into a thermal conductivity detector (TCD) to find
hydrogen uptake. Temperature programmed reduction with hydrogen (TPR) and was performed
in Micromeritics AutoChem II 2920 (Micromeritics Corporation, Norcross, GA, USA).
iv. X-Ray Photoelectron Spectroscopy (XPS)
Ex-situ X-ray photoelectron spectroscopy (XPS) analysis was conducted with both fresh
and spent (after reaction with the methane gas mix) catalysts. XPS was performed with a Thermo
K-Alpha spectrometer (ThermoFisher Scientific, Waltham, MA, USA), using a monochromatic
Al Kα radiation source. Spectra were measured in the regions of Pd3d, O1s, and Ce3d. Charge
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referencing was performed from the C1s region, referenced to the adventitious carbon (at 284.8
eV). The X-ray beam spot size was a 400 µm and the spectrometer was run at 50 eV pass energy
and 50 ms dwell time for each step size of 0.1 eV. The deconvolutions of the Pd3d and Ce3d
peaks were performed by Avantage software.
v. High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADFSTEM)
This characterization is used to find the morphology and location of PdO and CeOx
particles on ceria/alumina supports. A Hitachi HD2700 (Hitachi Ltd., Tokyo, Japan) aberrationcorrected scanning transmission electron microscope was used to record HAADF-STEM images.
The samples were prepared on a lacey carbon-coated Au grid.21

III.

RESULTS AND DISCUSSION
A. Activity of the Catalysts
The activity data is given in Table 2.
Table 2. Activity data on methane combustion at 500 0C and 850 0C with fresh catalysts
Catalyst

% Methane conversion
Reaction at 500 ℃

Reaction at 850℃

Pd/cerium oxides-alumina 500C

100

-

Pd/cerium oxides-alumina 850C

80

100

Cerium oxides/Pd-alumina 500C

86

-

Cerium oxides/Pd-alumina 850C

68

93

Cerium oxides/alumina 500C

18

-

Cerium oxides/alumina 850C

20

98

Conditions: particle size -200+270 ASTM sieve; Steady state with GHSV, 90000(cc/cc)/ g.cat/ hr
and reaction time, 60 min.

14
Table 2 compares the activities of the catalysts and the dual support at 500 0C and 850 0C
The activities of Pd/cerium oxides-alumina catalysts were higher than those of cerium oxides/Pdalumina catalysts at 500 ℃. However, the activities of Pd/cerium oxides-alumina 850C catalyst
and the cerium oxides/Pd-alumina 850C catalyst were similar indicating that the effect of
impregnation sequence was more perceptible at lower reaction temperatures.
Table 3 and Figure 6 show activities of Pd/cerium-alumina oxides catalysts were much
higher compared to Ce oxides/Pd-alumina catalyst at both calcination temperatures of 500 ℃
and 850 ℃. Both catalysts showed higher activities at 500 ℃ compared to 850 ℃. The results
show the sequence of impregnation and calcination temperature has immense effects on activity.
The results also show each catalyst had different light-off temperatures. Better activity of
Pd/CeO2/Al2O3 catalysts has also been reported by earlier researchers.12,17,18,22
Tables 2 and 4 display the activities of the cerium oxides-aluminum oxide dual support
calcined at 500 ℃ and 850 ℃. The activity of the dual support cerium oxides/alumina500C was
low (below 20%) at a reaction temperature of 500 0C. We found an interesting result with the
cerium oxides/alumina850C dual support . It showed high activities (82-94%) at 800 ℃-850 ℃
without impregnating the palladium catalyst. The cerium oxidation states play a significant role
in the catalytic process which needs further research on the dual support.
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Table 3. Activity-Temperature data
Reaction Temp,

Methane Conversion

0℃
Pd/cerium oxides-

Cerium oxides/Pd-

Pd/cerium oxides-

Cerium oxides/Pd-

alumina 500C

alumina500C

alumina850C

alumina850C

250

5.5

3.6

5.0

0

275

17.0

12.3

7.8

5.3

300

27.9

18.4

14.5

6.9

325

55.0

21.0

29.7

9.0

350

74.1

37.2

60.0

9.2

375

84.5

46.4

64.7

13.8

400

87.8

58.5

68.7

16.0

450

93.7

74.7

82.9

20.8

500

98.2

85.0

92.9

33.1

550

-

-

-

64.1

600

-

-

-

80.5

850

-

-

100

100

Conditions: particle size -200+270 ASTM sieve; Steady state with GHSV, 90000(cc/cc)/ g.cat/ hr
and reaction time, 30min.
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Table 4. Activity data of Cerium oxides/alumina 850C
Temperature

% Conversion

300

9.5

400

12.3

500

16

600

17.7

700

34.9

800

82.1

850

93.7

Figure 6. Methane conversion at different temperatures
[GHSV, 90,000 (cc/g.cat) h-1; reaction time at each temperature, 30 min; inlet gas mix
composition, 0.98% CH4, 4.0 % O2, balance N2]

17
i.i. Activation energy
Table 5 gives the activity data for the determination of activation energy of the four
catalysts. Figure 7 shows the Arrhenius plots for the four catalytic reactions. The kinetic regions
of temperatures with methane conversions below 30% were used for calculating the activation
energies. The activation energies of Pd/cerium oxides-alumina500C and Pd/cerium oxidesalumina850C were 110.8 kJ/mol and 152.8 kJ/mol, respectively. Similarly, the activation
energies of cerium oxides/Pd-alumina500C and cerium oxides/Pd-alumina850C catalysts were
113.6 kJ/mol and 195 kJ/mol, respectively. The lower activation energies of methane combustion
for the Pd/cerium oxides-alumina 500C and 850C catalysts explain the higher activities of these
catalysts compared to the cerium oxides/Pd-alumina 500C and 850C catalysts.
Table 5. Activation energy
Temperature (℃)

Conversion (%)
Pd/cerium oxides-

Cerium oxides/Pd-

Pd/cerium oxides-

Cerium oxides/Pd-

alumina500C

alumina500C

alumina850C

alumina850C

250

5.5

260

12.0

265
270

3.6
5.9

14.0

275

12.3

310

8.0

315

21.7

325

29.7

440

10.6

450

24.8

460

25.9

Ea, kJ/mol

110.8

113.6

152.8

195.0

Conditions: particle size -200+270 ASTM sieve, Steady state with GHSV, 90000 (cc/cc)/g.cat/hr and reaction
time, 30 min.
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Figure 7. Activation energy for methane combustion with the four catalysts

i.ii. Stability test
Table 6 gives the data for the stability test of the four catalysts. The stability tests were
conducted for each catalyst at temperatures corresponding to about 30% conversion. Table 6
reports the activity for each catalyst after 60 min and 24 hours of reaction with the reacting gas
mixture of 1% methane, 4% oxygen and balance nitrogen. Stability test decides if a catalyst is
still stable and active after 24 hours. The decrease of about 4% in conversion for the cerium
oxides/Pd-alumina500C catalyst after 24 hours was within the range of experimental errors as mentioned
in the methods section. The stability of the cerium oxides/Pd-alumina500C catalyst was better than the
Pd/cerium oxides-alumina 500C catalyst. The Pd/cerium oxides-alumina and cerium oxides/Pd-

alumina catalysts calcined at 850 ℃ showed similar stability.
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Table 6. Stability test on four catalysts
Catalyst

Methane Conversion, %
1hr

24hrs

Temperature

Pd/cerium oxides-alumina 500C

29.5

17.7

285 °C

Pd/cerium oxides-alumina 850C

22.7

22.4

325 °C

Cerium oxides/Pd-alumina 500C

31.8

27.0

350 °C

Cerium oxides/Pd-alumina 850C

32.0

31.5

480 °C

The results on activity of the catalysts could be summarized as follows:
Pd/cerium oxides-alumina 500C is the best catalyst (Table 3) at a lower temperature range of
350-375 ℃, and both Pd/cerium oxides-alumina 500C and 850C catalysts have high activity
(90%) at 500 ℃. Cerium oxides/Pd-alumina 500C and 850C catalysts had much lower activities at and
below 400 0C. The results support earlier research showing sequence of impregnation had high

influence on catalytic activity.19 The activation energies of the four catalysts also explain the
difference in the activities.

B. Characterization
ii.i. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
The palladium and ceria contents were analyzed by ICP-OES method. The data in Table
7 show the calculated and experimental % of Pd and Ce in the catalyst were similar within the
range of experimental error.
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Table 7. % Pd and Ce in Pd/Ceria-alumina 850C catalyst
Calculated

ICP-OES

% Pd

4.0%

4.7%

% Ce

12.2%

10.6%

ii.ii. Pulse Chemisorption
Both fresh and spent Pd/cerium oxides-alumina catalysts have higher dispersion and
smaller nanoparticle diameter compared to cerium oxides/Pd-alumina catalysts at two calcination
temperatures of 500 ℃ and 850 ℃. The dispersion of Pd/cerium oxides-alumina500C catalyst
was much higher compared to the cerium oxides/Pd-alumina catalyst500C catalyst. The higher
dispersion and the lower particle size explain why the Pd/cerium oxides-alumina500C had much
higher activity compared to the cerium oxides/Pd-alumina catalyst500C catalyst. However, the
dispersion effects were not so perceptible between the two catalysts at 850 ℃ calcination
temperature. As reported in Table 8, both dispersion and particle size of the four catalysts
showed big differences. The results are similar with the work of Sun et al.15 and Onn et al.23
Table 8 . Properties of catalysts
Properties

Pd/cerium
oxidesalumina500C

Pd/cerium
oxidesalumina850C

Cerium
oxides/Pdalumina500C

Cerium
oxides/Pdalumina850C

Dispersion (%)

37.7

6.5

7.3

4.4

Nanoparticle
diameter
(hemisphere)
(nm)

3.0

17.1

15.3

25.2
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ii.iii. Hydrogen-Temperature Programmed Reduction (H2-TPR)
The H2-TPR results are shown in Figure 8. The peaks at 195-215 °C are due to reduction
of relatively large PdO/PdOx particles under weak interaction with the support and or desorption
of H2 adsorbed by Pd/PdO.17 The stronger reduction peak at 220-256 °C and 327-417 °C could
be due to reduction of PdO/PdOx particles under strong interaction with the support.14 The peak
intensities in these temperature ranges are much higher for Pd/cerium oxides-alumina 500C and
850C catalysts compared to the cerium oxides/Pd-alumina 500C and 850C catalysts indicating
stronger metal-support interactions in Pd/cerium oxides-alumina catalysts (Pd impregnated on
ceria-alumina supports).
The TPR results explain the methane activities (Table 3) at low temperatures; the cerium
oxides/Pd-alumina 500C and 850C catalysts showed lower activities at 250-375 °C since the
active phases of PdO/PdOx particles were loosely adsorbed on the alumina-ceria support in this
temperature range due to the weaker metal-support interactions. The peak at 430-477 °C could
be due to reduction of bulk CeO2.18 The reduction of peak intensities in Pd/cerium oxidesalumina 850C and cerium oxides/Pd-alumina 850C are much lower showing weaker interaction
of ceria in the dual support and the higher calcination temperature had effects in the ceria
chemistry. The high-temperature reduction peaks at 785-790 °C are weak in intensities and
suggest reduction of ceria strongly held on the surface.
In heterogeneous catalytic reactions, factors including particle size, chemical
composition, and metal-support interactions could have a noticeable influence on the catalytic
properties of metal catalysts.24
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Figure 8. Hydrogen-TPR

ii.iv. X-Ray Photoelectron Spectroscopy (XPS)
XPS measures the oxidation states of palladium and Ce and the atomic % of the Pd
element/compounds in different oxidation states. The data on XPS is given in Table 9. All
catalysts had palladium as PdO and PdOx x>2+, with tiny amounts of Pd0; PdOx x>2+ denotes
nonstoichiometric PdO. The trends in the variation of at% of the Pd species before and after are
not clear. %. The only noticeable difference was a higher % of PdO in the Ce oxides/Pd- alumina
catalysts compared to the Pd/ceria-alumina catalysts. All fresh and spent catalysts had varying
amounts of Ce (II) and Ce (IV) oxides. The Pd/cerium oxides-alumina500C catalyst had 70 at% of
Ce(IV) and 30 at% of Ce(III) while the cerium oxides/Pd- alumina500C catalyst had 54 at% Ce(IV)

and 46 at% Ce(III). It appears the higher methane activity of the Pd/cerium oxides-alumina500C
catalyst was related to the Ce(IV) %. Another interesting feature was the presence of both Ce(IV) and
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Ce(III) in the dual support of cerium oxides-alumina calcined at 500 0C and 850 0C. The precursor for

the cerium oxide was Ce (III) nitrate. The fresh catalysts were calcined at 500 ℃ and 850 ℃ for
5 hours, but still had Ce (III). Ce is supposed to be in Ce (IV) state after calcination at these
elevated temperatures. It is not clear why Ce (III) was present in the fresh catalysts. It appears
interactions and interplay between Ce and Pd oxidation states play a role in the catalytic
oxidation process. One possibility could be oxidation of Pd0 to Pd+2 and reduction of Ce+4 to
Ce+3 during the calcination process.
Table 9. Atomic % of Pd, PdO and PdOx based on deconvolutions of 3d5/2 peak in the Pd
3dXPS spectra
Catalysts /Supports

Pd, at%

PdO, at%

PdOx x>2+, at%

Pd/cerium oxides-alumina500C

6

58

36

Pd/cerium oxides-alumina850C

5

59

36

Cerium oxides/Pd-alumina500C

0

65

35

Cerium oxides/Pd-alumina850C

0

87
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ii.v. High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM) and Scanning Electron Microscopy (SEM)
The HAADF-STEM images of the four catalysts are shown in Figure 9. In Figure 9 (a),
the red arrows show small PdO particles on alumina and CeOx (designating cerium oxides) and
the blue arrows show large cluster of CeOx particles on alumina; the frame in Figure 9(b) shows
small PdOx particles mostly on CeOx and large CeOx particles on alumina; frame (c) indicates
that the PdO particles are embedded on CeOx ; frame (d) also shows PdO particles are embedded
on CeOx and the structures are distorted when the catalyst was heated to 850 0C. The STEM
images of cerium oxides/Pd-alumina500C catalyst show different morphology and distribution of
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PdOx particles on CeOx and alumina support compared to the images of Pd/cerium oxidesalumina500C catalyst. The smaller particles sizes mostly on the surface of alumina account for
the higher activity of Pd/cerium oxides-alumina 500C catalyst. It appears an elevated
temperature calcination of the catalyst made the PdOx particles engraved on CeOx due to
agglomeration, and this had effect of lowering the activity of this catalyst. Huang et al.25 studied
the activities of Pd/CeO2-Al2O3 catalysts in different calcination temperature and saw both
metallic Pd and PdO are the active sites for methane oxidation while PdO had a vital role. Also,
smaller Pd particles improved the methane combustion due to stronger Pd-Ce interaction.

Figure 9. STEM images of four catalysts. (a) STEM image of Pd/cerium oxides-alumina500C; (b)
Pd/cerium oxides-alumina850C; (c) Cerium oxides/Pd-alumina500C; (d) Cerium oxides/Pd-alumina850C
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IV. CONCLUSION
Four catalysts were synthesized by changing the sequence of impregnation of palladium
and cerium oxides, and the calcination temperature. All four catalysts had 4.7 wt.% Pd as PdO
and PdOx x>2+, 10.7 wt.% cerium as CeOx (in +3 and +4 oxidation states) and balance 𝛄𝛄-Al2O3
based on ICP-OES analysis. The activities for methane oxidation of the Pd/cerium oxides-

alumina oxide catalysts calcined at 500 °C and 850 °C were higher below 500 0C compared to
the cerium oxides/Pd-alumina catalysts under the same conditions. STEM imaging and pulse
chemisorption data supplied the main supporting evidence. The higher dispersion and smaller
particles sizes account for the higher activity of the Pd/cerium oxides-alumina 500C catalyst.
The TPR showed that Pd/cerium oxides-alumina catalysts have stronger metal-support
interaction which supports the methane activities at low temperatures. Ce oxides/Pd- Al2O3
catalysts showed lower activities since the active phases of PdO/PdOx particles were embedded
on the ceria support due to agglomeration. The catalysts calcined at 850 °C may have weaker
interaction of ceria so the high calcination temperature might contribute to the ceria chemistry.
The STEM image of Pd/cerium oxides-alumina catalyst calcined at 500 °C showed small PdO
particles on the surface of alumina and cerium oxides. In the cerium oxides/Pd-alumina catalyst
calcined at 500 °C, only a small number of PdO particles were on both CeOx and alumina, and
the majority of PdOx particles were engraved on the CeOx support. This accounted for the lower
activities of this catalyst.
The support alumina could ease oxygen mobility and from the bulk in the Pd/CeO2-Al2O3
could stabilized the PdO particles.26-27 Nilsson et al.28 reported the chemical state of alumina- and
ceria- supported palladium nanoparticles and found the high catalytic activities were due to the

26
presence of reduced Pd or PdOx sites. The reducibility of an oxide by metal nanoparticles in
metal/oxide interaction could change the catalytic activity.29
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